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Abstract—In this paper we present a novel distributed coding
protocol for multi-user cooperative networks. The proposed
distributed coding protocol exploits the existing orthogonal space-
time block codes to achieve higher diversity gain by repeating the
code across time and space (available relay nodes). The achievable
diversity gain depends on the number of relay nodes that can
fully decode the signal from the source. These relay nodes then
form space-time codes to cooperatively relay to the destination
using number of time slots. However, the improved diversity
gain is archived at the expense of the transmission rate. The
design principles of the proposed space-time distributed code and
the issues related to transmission rate and diversity trade off is
discussed in detail. We show that the proposed distributed space-
time coding protocol out performs existing distributed codes with
a variable transmission rate.
I. INTRODUCTION
Transmit diversity techniques have attracted considerable
attention recently as they use multiple transmit antennas to
improve the capacity and the diversity order of wireless
systems. Alamouti discovered a simple transmitter diversity
scheme for two transmit antennas [1], which can provide a
diversity of order 2M when the receiver is equipped with M
receive antennas. The Alamouti scheme has subsequently been
extended from two transmit antennas to more than two transmit
antennas by applying the theory of orthogonal design [2]. The
resulting class of codes are popularly known as orthogonal
space time block codes (OSTBC). Cooperative schemes can
achieve diversity in multi user environments when it is not
practical to deploy multiple antennas [3], [4].
Cooperative transmission allows a number of selected relays
in a multiuser environment to cooperatively transmit the signal
to the destination node. Relays in the multiuser networks are
spatially well separated creating multiple independently faded
communication links between the source and the destination.
This phenomenon helps in yielding cooperative diversities
such as time, frequency and space in the absence of multiple
co-located antennas on the terminals. Several standardization
groups, such as the IEEE 802.16j task group, are investigating
to incorporate cooperative transmission functions into their
standards. [5].
Distributed Space-Time Codes (DSTC) exploits the con-
cepts of cooperate diversity and space-time codes and is a
powerful solution to improve the bandwidth efficiency on
top of diversity. It has been well studied and analysed to
demonstrate the potential benefits of this promising approach
[6]–[10]. Relays collaborate with each other to create DSTC
using the received signal from the source. The destination node
combines the received signals to exploit the diversity of the
relaying channels.
Space-time codes (STC) can achieve higher diversity order
without having complex encoding or decoding schemes. Alam-
outi code can realise a diversity order of 2M with two transmit
antennas and M receive antennas [1], which mean that higher
diversity order is achievable by installing more antennas at
the receive terminal. However this is not economical since
changing the physical structure of the receive terminal such as
a base station (BS) could be expensive. It is also not practical
if the receive terminal is a small mobile device given that the
spacing between the receive antenna need to be at least λ/2,
where λ (at 2.5 GHz λ = 12cm) is the wavelength of the
carrier.
Higher diversity order can also be achieved by larger space-
time codes. For example, the generalized four transmit antenna
space-time code proposed in [2], achieves a diversity order
of four with a transmission rate of R = 3/4 and the codes
proposed in [11] achieve diversity order of five and six by
using five and six transmit antennas with transmission rates
of R = 7/11, R = 2/3 respectively. However, the above
mentioned codewords require the channel to be static for a
longer period of time before the transmission ends, which is
not practical in a multi-user cooperative network. For example
the generalized six transmit antenna space-time code proposed
in [11] requires the channel to be static across 30 consecutive
symbols, which could be impossible to realise if the relay
nodes’ positions are not stationary.
In this paper, we present a novel DSTC structure which can
achieve higher diversity order with the number of active relays.
The proposed structure does not require the channel coefficient
to be constant for a longer period of time. Therefore, it is an
ideal solution for dynamic multi-user networks. Besides that,
the proposed scheme can trade-off diversity with the trans-
mission rate to achieve adaptive performance enhancement
without affecting the overall system complexity. The proposed
scheme is able to work with different number of relay nodes
without changing the the structure of the coding scheme.
(a) Broadcast phase.
(b) Cooperative phase.
Fig. 1. Broadcast and cooperative phase of the 2 relay 2-hop distributed
Alamouti code
In Section II, the standard distributed Alamouti code with
two relay nodes is discussed. In Section III, the proposed
distributed Alamouti code with four relay nodes is presented
while the proposed distributed Tarokh code with six relay
nodes is presented in Section IV. The simulation results are
presented in Section V, while Section VI concludes the paper.
II. DISTRIBUTED ALAMOUTI CODE
A standard two relay 2-hop distributed Alamouti code
system is composed of a source node, a destination node and
two relay nodes, represented by S, D, R1 and R2, respectively.
We assume that there is no direct link between the source node
and destination node thus the destination node will not able
to receive any direct signal from the source node. We assume
that all the nodes are installed with half duplex single antennas
that can either transmit or receive signals at any given time.
The cooperative strategy of the system can be modelled with
two different phases:
• Broadcast Phase, source node will send the information
to all the relay nodes, which is shown in Fig. 1(a).
• Cooperative Phase, two relay nodes will form a virtual an-
tenna array, also known as “relay cluster”, and cooperate
to relay the data to the destination node using Alamouti
code, which can be seen in Fig. 1(b).
In Broadcast phase, the received signal at the relay nodes
are given by
r1 = g1x+ nr1
r2 = g2x+ nr2, (1)
where r1 and r2 denote the received signal at relay 1 and
relay 2, respectively. x is the information that transmitted by
the source node. g1 and g2 denote the channel coefficients from
Time Relay 1 Relay 2
t s1,1 s2,2
t+ T −s∗2,1 s∗1,2
TABLE I
TRANSMISSION SEQUENCE FOR EACH RELAY NODE
the source to relay 1 and relay 2, with zero-mean, complex
Gaussian random variable with variance δ2r1 and δ
2
r2. nr1 and
nr2 are the additive white Gaussian noise (AWGN) at relay
1 and 2, which are modelled as zero-mean complex Gaussian
random variables with variance Nr.
Before the cooperative phase starts, relay 1 and relay 2 will
decode the received signal and rearrange it according to the
Alamouti code, which are denoted by si,1 and si,2, where
i = 1, 2, respectively. Table I shows the encoding of the signal
transmitted by 2 relay.
In cooperative phase, both of the relay nodes will cooperate
with each other, form a relay cluster and transmit the Alamouti
code to the destination accordingly. The received signal at the
destination node can be written as
d1 = d(t) = h1s1,1 + h2s2,2 + nd1
d2 = d(t+ T ) = −h1s∗2,1 + h2s∗1,2 + nd2, (2)
where d1 and d2 denote the received signal at the destination
node in time t and t + T , respectively. h1 and h2 denotes
the channel coefficients from the relay 1 and relay 2 to
destination node with zero-mean, complex Gaussian random
variable with variance δ2d1 and δ
2
d2. nd1 and nd2 denote
the AWGN at destination which are modelled as zero-mean
complex Gaussian random variable with variance Nd.
A. The decoding scheme
The destination node will send the two received signal to the
maximum likelihood detector. Assuming that the destination
node knows the channel gains, the combined signal of the
maximum likelihood detector can be expressed as follow:
s˜1 = h
∗
1d1 + h2d
∗
2
s˜2 = h
∗
2d1 − h1d∗2. (3)
The channel coefficient is constant across two consecutive
symbols, i.e.,
h1(t) = h1(t+ T ) = h1
h2(t) = h2(t+ T ) = h2. (4)
The final expression of the combined signal can be ex-
pressed as follows:
s˜1 =
(
|h1|2 + |h2|2
)
s1 + h
∗
1nd1 + h2n
∗
d2
s˜2 =
(
|h1|2 + |h2|2
)
s2 + h
∗
2nd1 − h1n∗d2. (5)
Fig. 2. System model for distributed Alamouti code with 4 relay nodes.
As mentioned in Section I, the diversity order of the
Alamouti code is 2M where the M in this case is one and
we get the diversity order of two. In the next section, we will
present a novel scheme to increase the diversity order without
increasing the number of receive antennas at the destination
node.
III. PROPOSED DISTRIBUTED ALAMOUTI CODE
Consider a system having one source node, one destination
node and four relay nodes between the source and destination
node, represented by S, D, R1, R2, R3 and R4, respectively as
shown in Fig. 2. It is assumed that all the nodes are installed
with half duplex single antennas that can either transmit or
receive signal at any given time. We can break up all the relay
nodes into two relay clusters and each relay cluster will decode
the received signal transmitted by the source node, rearrange
the signal according to the Alamouti code and transmit to the
destination node in different time slots. Table II shows the
encoding process of the signal by all four relay nodes.
The codeword of the proposed scheme can be found using
the following expression:
Gnew = IC ⊗G2, (6)
where IC is a C × C identity matrix, C is the number
of relay clusters and G2 is the Alamouti code in (8). For
example, if there are four relay nodes available, the number
of relay clusters, C = 2 and the codeword of the proposed
scheme will be
Gnew = I2 ⊗G2
=
(
G2 0
0 G2
)
(7)
where
G2 =
(
s1,i s2,i
−s∗2,i s∗1,i
)
, (8)
i = 1, 2, 3, 4 representing R1, R2, R3 and R4, respectively.
Time Relay Cluster 1 Relay Cluster 2Relay 1 Relay 2 Relay 3 Relay 4
t s1,1 s2,2
t+ T −s∗2,1 s∗1,2
t+ 2T s1,3 s2,4
t+ 3T −s∗2,3 s∗1,4
TABLE II
TRANSMISSION SEQUENCE FOR EACH RELAY NODE
The received signal at the destination node for two relay
clusters case can be expressed as:
d1 = d(t) = h1s1,1 + h2s2,2 + nd1
d2 = d(t+ T ) = −h1s∗2,1 + h2s∗1,2 + nd2
d3 = d(t+ 2T ) = h3s1,3 + h4s2,4 + nd3
d4 = d(t+ 3T ) = −h3s∗2,3 + h4s∗1,4 + nd4, (9)
where d1, d2, d3 and d4 denote the received signal at the
destination node in time t, t+T t+2T and t+3T , respectively.
Zero-mean complex Gaussian random variable, hi denotes the
channel coefficients from the i-th relay to the destination node
with with variance δ2di, where i = 1, 2, 3, 4. Finally nd1, nd2,
nd3 and nd4 are the AWGN at destination node, which are
modelled as zero-mean complex Gaussian random variable
with variance Nd.
A. Decoding scheme for the proposed distributed Alamouti
code
Similar to the 2 relay case, the destination node can decode
the signal using maximum likelihood detection as follows:
s˜1 = h
∗
1d1 + h2d
∗
2 + h
∗
3d3 + h4d
∗
4
s˜2 = h
∗
2d1 − h1d∗2 + h∗4d3 − h3d∗4, (10)
with the following assumption:
h1(t) = h1(t+ T ) = h1
h2(t) = h2(t+ T ) = h2
h3(t+ 2T ) = h3(t+ 3T ) = h3
h4(t+ 2T ) = h4(t+ 3T ) = h4. (11)
The receive signal at the destination node which shown in
(9) can be converted in into matrix form:
dT =
(
s1 s2
)
Ω + NT , (12)
where
Ω =
(
h1 h
∗
2 h3 h
∗
4
h2 −h∗1 h4 −h∗3
)
, (13)
d denotes the matrix of the received signal at the destination
and N denotes the matrix of the AWGN at destination node.
To decode the receive signal, one can multiply both sides
of (12) by ΩH to arrive at
dTΩH =
(
s1 s2
)
ΩΩH + NTΩH , (14)
since
ΩΩH =
(
4∑
n=1
|hn|2
)
I2, (15)
the final expression of the proposed scheme will be
dTΩH =
(
s1 s2
)( 4∑
n=1
|hn|2
)
I2 + N
TΩH . (16)
Equation (13) shows that the decoding matrix, Ω of the
proposed distributed Alamouti code can be found easily using
the expression below:
Ω(h1, h2, h3, h4) =
(
Ω(h1, h2) Ω(h3, h4)
)
, (17)
where Ω(h1, h2) and Ω(h3, h4) are the Ω of the G2 (8).
Equation (16) shows that we have increased the diversity
order of the system by increasing the number of relay clusters.
Note that the proposed scheme has increased the diversity
order by 2C with two relay in a relay cluster and C number
of cluster and require the channel coefficient to be constant
across only two consecutive symbols which shown in (11).
IV. EXTENDING THE PROPOSED DSTC
In general for C relay clusters the encoder matrix can be
found using
Gnew = IC ⊗G. (18)
The proposed scheme not only works with Alamouti code
but it also able works with other codewords. Tarokh proposed
a codeword that provide diversity order of four with the
transmission rates, R = 3/4 [2]
G4 =

s1 s2 s3 0
−s∗2 s∗1 0 s3
s∗3 0 −s∗1 s2
0 s∗3 −s∗2 −s1
 . (19)
The three transmit antenna codeword can be found by
removing one of the columns of (19)
G3 =

s1 s2 s3
−s∗2 s∗1 0
s∗3 0 −s∗1
0 s∗3 −s∗2
 . (20)
We can use the three transmit antenna’s codword to build
a new codeword for six relay case. Note that at this time, the
size of relay cluster is 3, thus the number of relay clusters, C
is 2.
Gnew = I2 ⊗G3
=
(
G3 0
0 G3
)
. (21)
The decoding matrix, Ω of (21) can be found by modifying
equation (17) :
Ω(h1, h2, h3, h4, h5, h6) =
(
Ω(h1, h2, h3) Ω(h4, h5, h6)
)
,
(22)
where Ω(h1, h2, h3) and Ω(h4, h5, h6) denote the decoding
matrix of the G3 (20),
Ω(h1, h2, h3) =
h1 h∗2 −h∗3 0h2 −h∗1 0 −h∗3
h3 0 h
∗
1 h
∗
2
 . (23)
Next we show the construction of the proposed distributed
codewords for 6 and 8 relays using G2 (8) and G4 (19). The
6 relays scheme based on G2 (8) can be found using :
Gnew = I3 ⊗G2
=
G2 0 00 G2 0
0 0 G2
 . (24)
The 8 relay scheme base on G2 (8) is given by:
Gnew = I4 ⊗G2
=

G2 0 0 0
0 G2 0 0
0 0 G2 0
0 0 0 G2
 . (25)
By using G4 (19), and 2 relay clusters a new codeword for
8 relays can be built:
Gnew = I2 ⊗G4
=
(
G4 0
0 G4
)
. (26)
A. Maximum diversity order of the proposed scheme
The general final expression of the signal s˜i for the proposed
scheme can be derive using the follow:
s˜i =
 C∑
j=1
M∑
k=1
R∑
l=1
|hj,k,l|2
 si + n˜, i = 1, 2, ..., (27)
where R is the number of relay nodes in a relay cluster,
C is the number of relay clusters and M is the number of
receive antennas at the destination node, |hj,k,l|2 is the channel
Diversity Scheme Rate Channelorder stationarity
2 Alamouti Scheme (8) [1] 1 2T
3 Tarokh’s Scheme (20) [2] 3/4 4T
4 Proposed Scheme (7) 1/2 2TTarokh’s Scheme (19) [2] 3/4 4T
6
Proposed Scheme (24) 1/3 2T
Proposed Scheme (21) 3/8 4T
W.Su’s Scheme [11] 2/3 30T
8
Proposed Scheme (25) 1/4 2T
Proposed Scheme (26) 3/8 4T
Tarokh’s Scheme [2] 1/2 8T
W.Su’s Scheme [11] 5/8 112T
TABLE III
COMPARISON BETWEEN THE RATE OF THE SCHEME AND THE CHANNEL
STATIONARITY REQUIREMENT
coefficient from the l-th relay of the j-th relay cluster to the k-
th receive antenna at the destination node. It can be seen that
the diversity order of the proposed scheme will vary if we
use different size of the relay clusters and different number
of relay clusters. Thus we can conclude that the maximum
diversity order, D of the proposed scheme is
D = CMR. (28)
B. Rate versus channel stationarity
The major objective of the proposed scheme is to present a
novel DSTC protocol that is practical to deploy in multi-user
cooperative networks. Generally, the standard OSTBC requires
the channel coefficient to be constant at least nT periods to
achieve a diversity order of n. The channel coefficient may
not to be constant if the period of the symbol, T , is high. For
example, in some applications, the period of OFDM symbol is
assume to be high enough to mitigate the effect of multipath
fading. Thus there will be a throughput trade-off if we decrease
the symbol period to achieve static channel without changing
the diversity order. Table III shows the comparison of the rate
and channel stationarity requirement between the proposed
scheme and some of the existing space-time codes.
C. Variable relay scheme
Another important benefit of the proposed scheme is that it
can operate with varying number of relay nodes. The existing
space-time codes may not be practical to deploy in the multi-
user cooperative network where the number of the available
relay nodes varies all the time. Large size OSTBC offer better
diversity order but require large number of relay nodes while
the small size OSTBC like Alamouti code, require less number
of relay nodes but offer lower diversity order. The proposed
scheme is able to provide high diversity order but does not
require large number of relay nodes available at the same time.
V. SIMULATION RESULTS
In this section we present the simulation results of the
proposed DSTC strategy with varying number of relay clusters
and compare with some of the existing schemes. Fig. 3, 4
and 5 show the bit error rate (BER) versus the signal to
Fig. 3. Bit error rate comparison between the proposed scheme and the
existing schemes when the SR link is error free.
Fig. 4. Bit error rate comparison between the proposed scheme and Tarokh
scheme for 8 relay nodes case when the SR link is error free.
noise ratio (SNR), Eb/N0 for different number of clusters,
with the assumption of all the channel coefficients are quasi-
static Rayleigh fading. Fig. 3 shows the BER performance
comparison between the proposed scheme, (7) and (24) with
the existing scheme, (8), (19) and (20), assuming the SNR
of the source to relay link (SR link) is error free. It can be
seen that the performance of the proposed scheme with four
and six relay nodes is better compare to the performance of
the distributed Alamouti scheme with two relay nodes and
distributed Tarokh scheme with three and four relay nodes.
The proposed scheme with four relay nodes is achieving 2 dB,
5 dB and 11 dB SNR gain when compared with the existing
schemes with two, three and four relay nodes, respectively
at BER of 10−5. The simulation results show that the BER
performance can be improved by increasing the number of
relay clusters. However, this performance gain is achieved with
a reduction in transmission rate. Currently we are working
on schemes to compensate the rate reduction using adaptive
Fig. 5. Bit error rate comparison between different number of relay nodes
for proposed scheme, SNRSR = 25 dB.
modulation and precoding.
Fig. 4 shows the BER versus the SNR of the relay to
destination link (RD link), Eb/N0, with 8 relay nodes and
assuming the SR link is error free. Codewords for the proposed
scheme 1 and 2 are shown in (25) and (26), respectively. It
can be seen that the proposed scheme 1 is achieving 3 dB
SNR gain compared to the Tarokh scheme. This shows that
the proposed scheme not only works with variable number of
relay nodes, but also has better BER performance compare to
the existing schemes.
Fig. 5 shows the BER versus the SNR of the RD link for
different number of clusters of the proposed scheme, with
the assumption of the SNR of the SR link is 25 dB. It can
be seen that the BER performance of the proposed scheme
are better than the standard one relay cluster scheme. The
proposed scheme with four and six relay nodes are able to
approach better bit error rate than the Alamouti scheme and the
Tarokh scheme with two and three relay nodes, respectively.
Besides that, the proposed scheme with four and six relay
nodes are achieving up to 10 dB and 13 dB SNR gains at
BER of 10−3 compared to the Alamouti scheme with two
relay nodes. Due to the Tarokh scheme with four relay nodes
and the proposed scheme with four relay nodes have the same
number of diversity order, the BER of these scheme are same
at high RD link SNR, but the proposed scheme is achieving 2
dB SNR gain compare to the Tarokh scheme with four relay
nodes at low RD link SNR. The error floor shown in Fig. 5
is determined by the SNR of the source to relay link.
VI. CONCLUSION
We presented a simple adaptive algorithm for multi-user
cooperative networks using OSTBC which can achieve higher
diversity order with the number of available relay nodes. The
proposed scheme does not require the channel to be static for
a long period, making it ideal for deploying in dynamic multi-
user cooperative networks. The proposed scheme is also able
to operate with varying number of relay nodes with throughput
trade-off without affecting the overall system complexity.
We showed that with the same number of relay nodes, the
proposed scheme have better BER performance compare to
the existing space-time block codes schemes. We also showed
that the two and three relay clusters were able to gain up to 10
dB and 13 dB SNR gains compare to the single relay cluster
at 10−3 bit error rate when the SNR of the SR link is 25 dB.
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